ABSTRACT In this paper, we present the mid-wave infrared microscopic view of index finger pads of voluntary subjects, an analysis of their thermoregulation response, and a study of their thermal spatial morphology. This is accomplished by means of a custom-made mid-wave infrared imager fitted with appropriate infrared optics. The microscopic thermal images enable us to capture spatial and temporal thermal information emitted from the microscopic finger pad's blood vessels and irrigation system, spatially attenuated by the finger pad's skin morphology. As a consequence, we can acquire and extract features that visual-spectrum microscopes or regular infrared imagers are not able to disclose. The thermoregulation response is acquired by exposing to a thermal stress the finger pads of voluntary subjects, while a microscopic infrared sequence was recorded. We used standard infrared imaging and signal processing techniques to extract the thermoregulation curves of the infrared sequences, and the thermal morphology features were estimated from the same imagery. One of the key findings of this paper is that three distinctive index finger pads infrared morphology patterns were identified, and important insights of the thermal behavior of the micro-spatial finger pad anatomy were observed for the very first time.
I. INTRODUCTION
The human skin is an organ composed of three anatomical layers: epidermis, dermis, and hypodermis [1] . These anatomical layers together have the function to provide the body with a protective barrier and with a temperature-regulation and sensing system [2] . The human skin characteristics and functions vary depending on the location on the body [3] . Specifically, the skin at the tip of the fingers, namely the finger pads, is a complex structure formed by small curved doublings termed the papillary ridges that define the fingerprints [4] . The ridges and furrows on the surface of the friction ridge skin are interlocked with the dermis to provide support and strength to the friction ridge skin. Another type of structures present on finger pad is the sweat glands. This type of glands are simple tubular glands whose ducts open at the skin surface and are anchored in the dermis or hypodermis and function primarily when thermoregulation is required [2] , [4] . The sweat glands do not function individually but rather as groups or all simultaneously.
It is clear that under the index finger pad skin an extensive net of blood vessels irrigates the region, bringing thermal information from the whole body to the finger pads' ridges and furrows [4] , [5] . In this effort, two main studies of the finger pads are carried out; first, the thermoregulation curve of the finger pads, namely the thermal step response of the finger pads, is completely characterized in a microscopic level. Second, the morphological thermal patterns, namely the spatial temperature distribution, is also characterized in a complete fashion using microscopic. In doing so, we utilize a microscopic thermal imager composed by a built-in mid-wavelength infrared (MWIR) imager, appropriate optics and our image processing algorithms for nonuniformity correction and digital re-focus of the scene [6] . (More details regarding the acquisition hardware are given in Section II.A.)
The use of infrared (IR) technology in medicine allows to do a non-invasive monitoring, together with being a powerful indicator of physiological dysfunctions. This technology is highly used in military applications, but in recent years has been prominent in the field of medicine. There has been a resurgence of interest in medical applications of IR thermography following developments in camera technology and new developments software [7] . The uses of IR technology in medicine are varied, ranging from cancer detection, dental diagnosis, blood pressure monitoring, and gynecology [8] among others. In addition, when fused with other technologies, it can enhance screening and monitoring. For example, the agreement between electroencephalography (EEG) and functional near IR spectroscopy (NIRS) for functional brain studies is a prominent field of study [9] .
Measuring the thermal response of the skin after a cold/hot stimulus over time captures the temporal evolution of the emitted thermal response of the body and it generates the thermoregulation curve (TRC). As such, a thermoregulation curve is a graphical representation of the thermal step response of the human body. Experimentally, it can only be measured in a fast, non-invasive and accurate manner using an IR imager. It is well-known that the TRCs carry important information regarding possible abnormalities such as cancerous lesions [10] . Thus, it is important for us to measure it at a microscopic level and to understand the biological processes that trigger such a thermal step response. According with the literature, it is the cold-induced vasodilation (CIVD) principle what explains how the body behaves under thermal stress [5] . When a non-capillary blood vessel is cooled, the activity of the sympathetic nervous system causes its smooth muscle wall to contract, resulting in vasoconstriction, which leads to a decreased blood flow. If allowed to remain hypothermic, the constriction state of the vessel relaxes slightly after several minutes due to a cyclic decrease in the release of norepinephrine. This result in a slight dilatation of the vessel relative to its constriction state, but this dilatation does not return the vessel to its normal resting diameter and the blood flow continues to be considerably lower than normal. This mild vasodilation is cyclic, namely, the vessel will alternate between a state of severe constriction and a state of partial constriction while remaining hypothermic. This cyclic phenomenon is sometimes known as the hunting response [5] , [11] - [13] .
Nowadays, the study of morphological patterns and thermal analysis of the finger pads have a great relevance in fields such that biometrics, haptic technology, ambient temperature control, and human body thermoregulation responses [1] - [5] , [11] - [16] . The main morphological features of any fingertip are diversiform, original, perennial and age-immutable, for that they are broadly used as a means of identifying individual's, e.g., criminal identification and systems security [4] . Also, through the finger morphology studies have been carried out on tactile sensitivity, such as texture discrimination [14] . The main factors that contribute to the perception are the fingerprint ridges and the relatively large number of sweat glands under these ridges. These studies have allowed the Haptic development or intelligent systems with the ability to simulate the tactile and thermal sensitivity [14] - [17] . This paper is structured as follows. In Section 2, the data acquisition experimental set-up equipment, the finger pad MWIR image sample data-set and the imaging processing techniques are described. In Section 3, results of thermal morphological patterns and thermal responses for relevant index finger pad features are shown and analyzed. Finally, in Section 4 conclusions and our future research work lines are given.
II. MATERIALS AND METHODS
In this section, we describe the MWIR microscope experimental setup, the pre-processing required by the acquired raw data and the post-processing method used to compute the finger index pad thermal response.
A. ACQUISITION EQUIPMENT AND EXPERIMENTAL SET-UP
The experimental set-up consists of three parts. The builtin MWIR microscope, the cooling and heating units for applying the thermal stimuli and an immobilizer to avoid the movement of the voluntary subjects. The built-in microscope first component is a Sofradir MWIR camera, model EC-IRE 320M. The camera's transducer is a Mercury Cadmium Telluride (MCT) focal-plane-array (FPA) operating with a spectral response from 3.7 to 4.8 micrometers. The FPA spatial resolution is 256×320 pixels with a 14 bits analog-to-digital converter. The camera can collect up to 320 frames per second. The second component of our microscope is a 4X magnification microscopic IR lens from Janos Technology (model Asio), which allow us to visualize MWIR exothermal processes representing a 1.49×1.99 mm scene size. The composed a NEDT was experimentally measured to be of 10 mK. The MWIR microscope can be seen in the Fig. 1 .
The second part of the experimental setup are the cooling and heating units, which are two glass-made vases, one with cold water and the other with warm water, respectively. The containers had sufficient amount of water, so it can maintain its temperature constant within the acquisition time. The finger pads were thermally stimulated by means of immersion on one of these two containers to observe its VOLUME 6, 2018 thermal responses. The water temperature was constantly verified with a digital laser thermometer.
The third part of the experimental setup is the immobilizer, which is used to fix the index finger so the involuntary movement of the subject is minimized; the immobilizer has the shape of a finger of plastic with an opening in the middle allowing the imaging.
B. IMAGING PROCEDURE
The acquired sample dataset has the IR sequences from 18 adult volunteer subjects (9 of each gender), spanning ages between 16 to 30 years old. None of the volunteers had any clinically-diagnosed dermatological disease.
After signing an informed consent, each subject was escorted to a designated room in the Laboratory for Image Processing at the University of Concepción, Chile, to perform the imaging procedure. The temperature of the room was controlled to be 22 • C to make sure that all the patients were at the same temperature before applying the thermal stimulus to the area of interest. At the beginning of the procedure, the finger pads were cleaned with alcohol, dried with paper towels and immobilized with splint. The subjects were left for 10 minutes in the room to acclimate them to the environment. Following, a visible image of the finger pad was taken with the digital camera for reference purposes. After collection of the visible image, a 5 seconds IR sequence was collected to serve as a baseline of the state of the finger under normal conditions. Later, the subjects' finger was cooled by submerging it in the glass of cold water at 15 • C for 30 seconds, then quickly we dried the water and placed the finger over the immobilizer to perform the acquisition with the IR camera for 5 minutes. Then, waited 5 minutes to reach thermal stability of the volunteer before exposing the same finger to heat stress. Similarly, to the foregoing, the finger was heated by immersing it for 30 seconds in the glass of water at 44 • C, then the finger was dried, immobilized, and the acquisition was performed for 5 minutes as well. All the thermal images were recorded using an uncompressed 14-bit format. The total time required to complete the imaging procedure was less than 15 minutes.
To determine the temperature of the structures that can be seen in the scene, a radiometric calibration of the imager was performed. The method used consisted of recording video sequences of a Mikron M345 black-body at different temperatures, spanning from 0 and 100 • C, with 5 • C intervals. The data was temporally and spatially averaged to generate a representative estimate of the detector response to the observed skin irradiance or temperature. Thus, the data measured by the microscope are given in digital counts, which through this calibration, can be associated with temperature values.
Another important aspect of data recording is the measurement of the size of structures in the scene. The pixel size or Instantaneous Field of View (IFoV) was determined using a USAF target 1951 21N 2''×2'' Fluorescent Negative from Edmund Optics. Using the lines as a pattern and assuming square pixels, it was found that each pixel could digitize a square of 6,2µm side.
For this investigation, it is assumed that the skin emissivity is one, to be able to calculate the temperature differences. Steketee reported that the emissivity of human skin is almost constant and its value is 0.98 ± 0.01 for wavelength range of 2-14µm [18] making our assumption valid.
2) DE-NOISING
For morphology analysis, the thermal noisy raw images were first radiometrically compensated with an accelerated nonuniformity correction algorithm (AACS) [19] . This algorithm is a scene-based method that uses a constant-statistic approach on a linear model detector to estimate the pair of correction parameters gain and offset diminishing the Fixed Pattern Noise (FPN) in order to get a clearer thermal imagery.
Moreover, a de-burring algorithm was applied to the acquired imagery in order to also diminish the lens-induced blurring of the microscopic imagery [6] .
D. DATA ANALYSIS 1) FEATURE EXTRACTION
To each pattern, 3 transversal sections were created in order to show the thermal diffusion intensity between the structures described. Each plotted point corresponds to the thermal intensity average of a representative neighborhood, these graphs are normalized for a better comparison.
2) THERMOREGULATION ANALYSIS
Let us start showing the method to analyze the finger pad microthermal information. To get the finger pad thermal respond, we performed a sequence of steps, as shown in Fig. 2 . There, giving an input MWIR sequence of microscopic images of interest, we selected the central row as a reference to analyze the thermal and spatial pattern of the finger pad's ridges and furrows. For each location (i,j) within the central row, we compute the spatial average contained by the window B i,j , given by B i,j ={(n,m):i − 1 < n < i + 1, j − 2 < m < j + 2}. By plotting these spatial averages as a function of the location within the central row, one can easily identify the furrows and ridges by finding the local minimum and maximum, respectively of the curve. We repeated this approach for each frame within the sequence to obtain the thermal response of the furrows and ridges with respect to time.
III. RESULTS
In this section, we present a set of measured experimental finger pads thermoregulation responses as well as the morphology of the observed finger pad thermal patterns. Afterward, TRCs are studied by analyzing the estimated recovering rate, 31150 VOLUME 6, 2018 FIGURE 2. Thermal map processing scheme.
the temporal dynamic trend, and the recovering rise-time, features that were explained in Section 2.D.2.
A. FINGER PADS MWIR ANATOMICAL MORPHOLOGY
First, the thermal morphology is eyesight correlated with the finger pad visible anatomical morphology, which is vastly known in the specialized literature. It was visually revealed that the MWIR thermal structures are spatially related to the main structures in the visible spectrum: papillary ridges and furrows, as shown in Fig. 3 . It was observed that the ridges appear darker (grey scale IR image) than the furrows on the acquired thermal maps. This is because the exothermic process of the human finger is attenuated by the skin thickness, so that the skin finger ridges look cooler (darker in grey scale) than the skin finger furrows. Notably, the pores are clearly seen only in the infrared microscopic images. Note also that, the pores expelling heat from the finger pad are similar in intensity values to the ones in the furrows (valleys) [5] .
It was observed that not all the subjects had the same thermal patterns, allowing us to classify the imaged subjects into three types of thermal morphological sets. The first set of subjects, which we label as pattern type A, presents a thermal pattern with broad ridges and narrow furrows without further thermal lines in between the latter pattern. The papillary chalks are aligned in straight rows. A characteristic member of this set is shown in Fig, 4 (a) . The second set of subjects, which we label as pattern type B, presents a thermal pattern with the ridges and furrows having approximately the same width. Nevertheless, this group of subjects presented a very narrow ridge, right in the middle of the furrows as one can clearly see on Fig. 4 (b) . The third set of subjects, which we label as pattern type C, presents an oscillatory thermal pattern and the width of the ridges and furrows are clearly not uniform as on the other groups, as seen in Fig. 4 (c) . Out of the 18 voluntary subjects 8, 9 and 1 of them had patterns type A, B and C, respectively.
A key observation of the collected imagery is that sweat glands are observable amongst all the subjects. The pores that lead from the sweat glands on the index finger pads appear somewhat irregularly spaced on the epidermal ridges, which is consistent with the specialized literature [2] . The sweat glands are clearly at a higher temperature compared with the temperature of the epidermal ridge, which is attributed to the natural convection process these glands enable in order to regulate the body temperature [5] . The measured average temperature difference between the ridges and the contiguous furrows is approximately around 0.07 • C. Usually, the pores of the sweat glands were observed to be at the same temperature as the furrows, or, at least, their difference in temperature was lower that the 0.01 • C our microscope can resolve.
B. ANALYSIS INTENSITY MICRO-THERMAL CROSS
The three collected micro-thermal skin imagery sets have been analyzed to find key features in spatial and time domain. From Fig. 5 to Fig. 7 a detailed set of graphics has been plotted to show the micro-thermal cross sections profiles from the finger pad.
The type A pattern micro-thermal intensity cross section depicted in Fig. 5 shows a regular spacing between ridges and furrows. Note that, as calculated in Table 1 , the furrows are thinner than the ridges, and their shapes look as straight lines. Furthermore, the intensity levels referred to sweat pores and furrows are notably very close. In Fig. 6 intensity micro-thermal cross sections of type B pattern shows a less usual spatial thermal structure, which revealed a narrow ridge right in the middle of the furrows. The inter-ridge line does not disappear along the whole finger-print structure. The graphics show a striking difference of intensities between sweat pores and furrows. This could be explained by the inter-ridge line and by the wider tandem of two furrows in between.
Three micro-thermal cross sections of type C pattern are depicted in Fig. 7 . They show an irregular wavy ridge formed thermal pattern. Note that the furrows are wider than type A pattern, however the sweat pores and furrows intensities are relatively close.
In general, our results are similar to the ones published by Adams et al. [14] . In such a work, however, they employed Optical Coherence Tomography (OCT) to obtain microstructural cross-sections of a human finger pad. Still, it is important to stand out that, to the best of our knowledge, the thermal patterns disclosed in this paper have not been measured elsewhere. Therefore, they represent new information, with the potential to be used in biometrics as well as in human body thermoregulation physiology, and, why not, in new frontiers of medical thermal imaging.
C. MEASUREMENTS OF THE STRUCTURES
The spatial dimensions of the recognized structures on the finger pads are calculated using the measured IFoV of the MWIR microscope. The spatial dynamics of the micro-thermal intensity is quantified by its full-width-halfmaximum (FWHM) of each finger pad intensity profile. The FWHM minimum, maximum, the average FWHM and its standard deviation for each observed group are summarized in Table 1 . Let us discuss the finger pad features size shown in Table 1 . The calculated sweat glands diameter varies from 31 to 218 µm, which are similar to the ones published by Wilke et al [20] . With these values, the sweat pore density (DSP) in the index finger pad is also estimated to be between 300 and 500 pore/(cm) 2 for our sample data set. This information is consistent with studies of palmar hyperhidrosis, which state that there are more than 300 glands per (cm) 2 in such an anatomical area [21] . This information may be useful to study the role of the index finger pad sweat glands in the thermoregulation dynamics of the all human body.
The ridge's width depends on gender, race and location within the fingertip (the ridge's width tends to decrease from the center to the peripheries). For our measured data the ridges widths vary between 567 to 157µm. To assess such information in our data, we considered a fingerprint unit area of 25(mm) 2 to calculate the ridges density (RD) per unit area [22] . The calculated RD values for our dataset, per pattern, result in a DR of 13.4, 13.8 and 14.4 ridges/(mm) 2 , for pattern type A, B and C, respectively. Such a RD computations are consistent with the values obtained in the work of Gutiérrez-Redomero et al. [22] .
Finally, the calculated average width of the subsidiary ridge turns out to be 50.5µm, becoming a quarter of a normal ridge thickness.
D. ASSESSMENT OF THE THERMOREGULATION CURVES
As explained in Section 2.D.2, we obtained the TRCs of the index finder pads of our adult volunteers, which can be seen as the thermal step response of the finger pad. From these thermal responses, we computed the rise time response due to the cold and hot external stimulus, as it was aforementioned.
The goal here, is to obtain TRCs for the index finger pad skin with micrometer spatial resolution, and with mK thermal resolution. TRCs evidence the recovering rate, the recovering dynamic, and the recovering time.
We present thermoregulation curves of various patients averaging pixels from a ridge and a furrow for cold and hot stimulus as shown in Figures 8 and 9 , respectively. It can be observed from Fig. 8 that the time dynamics of the TRCs are different for each patient; this is because the reaction time of the skin thermoregulatory system is different for each person. Such a system maintains regular body temperature when exposed to low temperatures, activating a vasoconstriction process. In the extremities, specifically at the finger, a sequence of vasodilation and vasoconstriction effect occurs.
The five minutes recording in this study, corresponds to the first moments where the finger pad approaches its nominal initial temperature. This is related to the process of peripheral vasodilatation, which increases the peripheral blood flow, and, thus, the temperature [23] - [25] . When the index finger is exposed to a hot stress, the heat loss is delayed and the skin temperature increased, followed by an increased internal temperature. This first skin temperature's increase causes a withdrawal of the activity of the nervous vasoconstrictor and a small increase in the blood flow, allowing heat transfer and temperature regulation of the skin [5] , as shown in Fig. 9 . In addition, when comparing values between furrows and ridge of the same patient, the furrows surpassed 0.071 • C to the ridges in average. It is important to emphasize that this difference is obtained due to the enormous capacity to see spatial-thermal resolution of the used equipment.
Notably, it is observed that furrow curves evidence higher thermal intensity variations between consecutive temporal points than ridge curves. This is due to the pulsations of the sanguineous flow, where furrows are closer to these vessels. Then, these pulsations are better visualized in the furrows, whereas how the ridges are being surrounded by dead cells, these thermal alterations are less perceived.
E. RISE-TIME THERMAL RESPONSE
When observing the thermoregulation curves, it is trivial to recognize its similarity with control systems step responses.
Related to this similarity and with the objective of characterizing the temporal responses of the skin when it reaches its comfort temperature, it has been resolved to measure the rise time of these curves. The thermoregulation response curves after the cold/hot stress for the ridges and furrows of one person are shown in Fig. 10 and 11 . The computed average rise time for the cold response turn out to be 190 seconds, and the corresponding average one for the hot response is 200 seconds.
It is necessary to mention that the thermal regulation is mainly governed by many factors, such as age, circadian cycle, food habits, gender, metabolic reaction, etc. So it can be inferred that differences within thermal curves trends are common, and are being explained by the aforementioned factor variations within each person [5] , [11] , [12] IV. CONCLUSION In this article, we studied the finger pad thermal morphology and thermoregulation responses with micrometer spatial, and mili Kelvin thermal resolution, using a microscopic MWIR imagery system. The resulting MWIR thermal maps manifest three kinds of finger pad thermal patterns. One of them evidences a regular spacing between ridges and furrows, as the fingertip morphology achieved with optical tomography. Interestingly, one pattern shows a less usual spatial thermal structure, outlined by a very narrow ridge right in the middle of the furrow. The third finger pad thermal pattern, exhibit an irregular wavy ridge with wider furrows than the others patterns. The calculated finger pad feature sizes, using the MWIR thermal images recorded in this work, are consistent with the ones published and computed employing optical tomography. It is observed that most people, in our sample test have similar TRCs under the same test conditions, giving an average rise time of 235 seconds for the cold response, and 250 seconds for the hot response.
Whereas the number of samples used in this work is small, we strongly believe that our findings have the potential to be employed in biometrics, human body thermoregulation physiology, and in new frontiers of medical thermal imaging. As a future work, we like to apply the MWIR microscope to study the morphology and thermal responses of moles related to skin cancer screening.
